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Abstract
Quasicrystalline phase with different volume fraction were formed by isothermally annealing the as-cast Zr62Al9.5Ni9.5Cu14Nb5 bulk metallic
glass at 723 K for different times. The effects of quasicrystals on the deformation behavior of the materials were studied by nanoindentation
and compression test. It revealed that the alloys with homogeneous amorphous structure exhibit pronounced flow serrations during the
nanoindentation loading, while no obvious flow serration is observed for the sample with quasicrystals more than 10 vol.%. However, further
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dompression tests confirm that the no-serrated flows are formed due to different reasons. For annealed samples containing quasicrystals less
han 35 vol.%, continuous plastic deformation occurs due to propagation of multiple shear bands. While the disappearance of serrated flow
annot be explained by the generation of multiple shear bands for samples containing quasicrystals more than 35 vol.%, which will fracture
ith a totally different fracture mode, namely, dimple fracture mode under loading instead of shear fracture mode.
2005 Published by Elsevier B.V.
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. Introduction
The discovery of Bulk metallic glasses (BMGs) has
parked considerable interest due to their unique mechanical
nd physical properties, including high strength, relatively
ow Young’s modulus and perfect elastic behavior. However,
MGs often show little global plasticity at room tempera-
ure, which is the major obstacle for being used as struc-
ural materials [1–5]. Extensive investigations have revealed
hat the limited room temperature plasticity is due to a catas-
rophic failure resulting from propagation of highly localized
hear bands, which is considered to be the primary plastic
eformation mechanism in metallic glass [6–8]. Recently,
anoindentation has been proposed as a useful way for the
tudy of mechanical properties of BMGs at the length scale
f shear bands, because under multiaxial compressive test,
arger plastic deformation was allowed to accumulate around
he indented regions in the materials. The materials often ex-
∗ Corresponding author. Tel.: +852 27887798; fax: +852 27887830.
E-mail address: apchshek@cityu.edu.hk (C.H. Shek).
hibit serrated flow during nanoindentation, manifested as a
stepped load–displacement (P–h) curve punctuated by dis-
crete bursts of plasticity. The characters of serrations are
strongly dependent on the indentation loading rate and are
already found in Pd-, Zr- and La-based BMGs [9–11]. More
recently, nanoindentation is used to study the plastic flow of
BMGs containing crystalline particles. The second phase in
the BMG can effectively resist the propagation of shear bands
and the resistance can be reflected by the changes of serrated
flow during nanoindentation [12,13].
It was known that the brittle crystalline particles contained
in BMGs usually can not improve the plasticity [14,15],
while the mechanical properties of the quasicrystalline con-
tained metallic glass alloys have displayed very superior me-
chanical properties such as better ductility, along with high
hardness value in comparison to its amorphous counterpart
[16–19]. Therefore, investigation of the deformation behav-
ior of the quasicrystals contained BMGs seems to be very
important. In this paper, we report the formation of qua-
sicrystalline particles after isothermally annealing the as-cast
Zr62Al9.5Ni9.5Cu14Nb5 bulk metallic glass. Nanoindentation921-5093/$ – see front matter © 2005 Published by Elsevier B.V.
oi:10.1016/j.msea.2005.01.040
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and compression test were used to study the different plastic
deformation behavior of the alloys.
2. Experimental procedure
Ingots of Zr62Al9.5Ni9.5Cu14Nb5 were prepared by arc-
melting a mixture of the pure elements Al, Ni, Cu and Zr–Nb
intermediate binary alloy in a Ti-gettered argon atmosphere.
Alloy rods of 3 mm in diameter and 70 mm in length were
prepared from the pre-alloyed ingots by suction casting into
a water-cooled copper mold. The structure of the as-cast al-
loy rods and annealed samples were characterized by X-ray
diffraction (XRD) using Cu K radiation. Thermal analysis
was performed at a heating rate of 20 K/min with a Perkin-
Elmer DSC 7 differential scanning calorimeter under argon
atmosphere. Microstructure of each sample was examined
using a Jeol 5200 SEM and a Philips TECNAI 20 electron
microscope operated at 200 kV. The compression test was car-
ried out at a strain rate of 10−4 s−1 using an 8852 Instron-type
testing machine. The specimens were carefully polished flat
and parallel, with the aspect ratio of 2:1. The nanoindentation
experiments were carried out with a constant loading rate of
10 mN/min on a nanoindenter supplied by CSM Instruments
SA in Switzerland. The probe used was a Berkovich tip (CSM
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Fig. 1. X-ray diffraction pattern of the Zr-based alloys annealed for different
time at 723 K.
and the samples annealed at 723K for 10, 30, 60 and 90 min.
It is clear that the samples annealed for 10 min are still amor-
phous, while the XRD pattern recorded for the samples an-
nealed more than 10 min shows some obvious sharp diffrac-
tion peaks. Almost all the peaks can be identified as an icosa-
hedral quasicrystalline phase. The strength of the quasicrys-
talline diffraction peaks becomes stronger with increasing
annealed time and no other diffraction peaks were detected
for the annealed samples.
SEM images of the as-cast sample and samples annealed
for 30, 60 and 90 min are shown in Fig. 2. All the annealed
samples exhibit a uniform distribution of quasicrystalline
particles on the amorphous matrix. The volume fraction and
size of the precipitated quasicrystalline particles increase
with the increasing annealed time. For samples annealed for
30, 60 and 90 min, the volume fraction of quasicrystals are
estimated to be about 10, 35, 65 vol.%, respectively. TEM im-
ages of the samples annealed for 90 min are shown in Fig. 3.
The size of the quasicrystalline particles is about 200 nm,
which is shown in Fig. 3(a). The corresponding selected
t samplnstrument SA, Peseux, Switzerland). The nanoindenter has
maximum load of 300 mN, and the typical thermal drift rate
s about 0.1 nm/s. To minimize surface variability and effects
f thermal drift, large loads approaching the machine limit
ere used.
. Experimental results
Fig. 1 shows the XRD patterns recorded for the cross-
ection of the as-cast Zr62Al9.5Ni9.5Cu14Nb5 metallic glass
Fig. 2. SEM images showing the microstructure of the etched (a) as-cas e and samples annealed at 723 K for (b) 30 min; (c) 60 min; (c) 90 min.
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Fig. 3. TEM bright field images of the (a) annealed samples at 723 K for 90 min and (b) SAED pattern of the quasicrystalline phase.
area electron diffraction (SAED) pattern of the particles is
shown in Fig. 3(b). The five-fold symmetry of the diffraction
pattern corroborates the formation of quasicrystalline phase.
Plastic deformation behavior investigations by nanoinden-
tation test reveal that a transition from serrated flow to no-
serrated flow occurs among the samples. The nanoindentation
P–h curves for the samples are present in Fig. 4 as a typical
example. Fig. 4(a) shows the complete P–h plots including
unloading curves, while Fig. 4(b) is a magnified portion of the
curves of Fig. 4(a) for the sake of a better observation of the
serrated flow changes on the curves. From Fig. 4(a), the shape
of the curves for as-cast samples is quite similar to that of the
annealed samples. However, the maximum indentation depth
increases with increasing annealed time, indicating a grad-
ual decrease of hardness. The hardness of the Zr-base alloys
annealed for different times are listed in Table 1, which are ob-
tained from the curves using Oliver–Pharr method. From the
magnified section of the P–h plots shown in Fig. 4(b), several
displacement discontinuity or pop-in marks are found on the
curves of the as-cast sample and 10 min annealed sample, il-
lustrating a sadden penetration of the tip into the sample. The
starting depth for the appearance of the distinct serrated flow
Table 1
Hardness of the Zr-based alloys annealed for different time at 723 K
Annealed time (min) Hardness (GPa)
0 8.0
10 7.7
30 6.2
60 5.5
90 5.2
is about 700 and 800 nm, respectively. For samples annealed
for more than 10 min, the serrated flow feature becomes very
weak and gradually disappears with the increasing annealed
time.
The transition of serrated flow for as-cast sample to no-
serrated flow can also be confirmed by the surface deforma-
tion feature around the indent. Fig. 5 shows the SEM images
of the typical surface deformation features obtained after
nanoindentation of the as-cast sample and the samples
annealed for 30 and 90 min. For as-cast sample, the repre-
sentative indent in Fig. 5(a) is surrounded by characteristic
circular patterns indicated by an arrow. As non-strain
hardening materials, this plastically displaced material is
st sampFig. 4. Typical load–displacement (P–h) curved measurement of (a) as-ca le and samples annealed for (b)10 min; (c) 30 min; (d) 60 min; (e) 90 min.
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Fig. 5. SEM image showing the typical surface deformation features obtained from indents: (a) as-cast metallic glass; (b) sample annealed for 30 min; (c)
sample annealed for 90 min.
expected to flow up to the faces of the indenter due to
the incompressibility of plastic deformation. For annealed
sample shown in Fig. 5(b) and (c), no obvious circular
patterns can be observed around the indent.
Uniaxial compression tests of each sample were also con-
ducted at room temperature, from which the stress–strain
curves were obtained and shown in Fig. 6. From the
stress–strain curves, the serrated flow can be observed for
as-cast sample and samples annealed for 10 min. But for sam-
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ples annealed for more than 10 min, no serrated flow can be
observed. The variation of the serrations on the stress–strain
curves agrees well with that of nanoindentation test. Fig. 7
exhibits the fracture surface of the as-cast sample, 30 and
90 min annealed sample after uniaxial compression test. The
vein-like patterns in the fracture surface of the as-cast samples
confirm a remarkable plastic flow before failure. However, for
the 30 min annealed sample, no flow feature is found and mul-
tiple shear bands seem to be initiated. For 90 min annealed
sample, dimples caused by falling off of quasicrystalline par-
ticles can be observed on the fracture plane, which indicates
a dimple fracture mode occurs for this sample.
4. Discussions
In the present nanoindentation test, the P–h curves trans-
forms from serrated for as-cast and 10 min annealed sam-
ples to smooth parabolic for samples annealed for more than
10 min, which seems as if a transition from discrete to contin-
uous yield occurs among the samples. It is generally believed
that the discrete pop-in events on the P–h curves correspond
to the activation of individual shear bands. The disappear-
ances of serrated flow on the P–h curves in monolithic BMG
are usually found at high strain rate [20–22]. Because at slow
strain rate, the applied strain can be accommodated by a sin-
g
tig. 6. Compression stress–strain curves of (a) as-cast sample and samples
nnealed for (b)10 min; (c) 30 min; (d) 60 min; (e)90 min at room tempera-
ure.le shear band resulting in a displacement step in the indenta-
ion curve, while at rapid loading rates, the applied strain rate
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Fig. 7. SEM image of the fracture surface of the (a) as-cast sample; and (b) samples annealed for 30 min; (c) samples annealed for 90 min.
exceeds the rate of relaxation by a single band, more shear
bands are required at every instant in order to continuously
accommodate the applied stain, therefore, discrete steps in the
indentation curve cannot be observed. Recently, it was found
that the serrated flow could be remarkably affected by the mi-
crostructure, namely, the crystalline phase embedded in the
amorphous matrix plays an important role in the serrated flow
feature during the loading process of nanoindentation. It is
pointed out that crystals larger than the shear band thickness
can interfere with normal shear band nucleation and propa-
gation [12,13]. The propagation of a single shear band is ob-
structed in a very limited scale, and many shear bands would
be required at every instance in order to accommodate the ap-
plied strain. Since the thickness of shear band is nanometer-
sized which is smaller than the size of quasicrystals in present
paper, this size effect on the serrated flow can also be observed
in present condition and can be confirmed by the morphology
of the fractured plane. In Fig. 7(a), the vein-like feature for as-
cast sample confirm obvious plastic flow before failure, while
for sample annealed for 30 min shown in Fig. 7(b), no distinct
flow feature is observed. However, in the present study, it is
suggested that the volume fraction of the crystals simultane-
ously plays an important role in the shear bands operation.
Although no serrated flow can be observed on the P–h curve,
it cannot be explained that the generation and propagation of
multiple shear bands occurs during the loading. If the crys-
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of crystals would have more difficulties in giving rise to the
formation of shear bands. As for 90 min annealed samples
with quasicrystals about 65 vol.%, the bonding strength of
the interface between the second phase and the amorphous
will become more important. From the morphology of the
fracture plane shown in Fig. 7(c), the materials fracture via
a dimple fracture mechanism, instead of a shear fracture
mode.
5. Conclusions
Quasicrystals with different volume fraction can be
formed by isothermal annealing the as-cast Zr62Al9.5
Ni9.5Cu14Nb5 BMG for different time. Nanoindentation tests
reveal that obvious flow serrations can be observed for as-cast
alloys, while presence of quasicrystals remarkably retard the
occurrence of the serrated flow. Further compressive test re-
veals that the disappearance of serrated flow might be caused
by nucleation of multiple shear bands for annealed sample
with small volume fraction of quasicrystals. However, differ-
ent fracture mechanism, will apply for annealed alloys with
high volume fraction of quasicrystals.
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Fals were too densely distributed in the amorphous matrix, the
istance between the crystals becomes very small, resulting
n great difficulties for the shear bands moving through the
aterials. On the other hand, since the shear bands are al-
ays accompanied by the generation and annihilation of the
ree volume in amorphous phase, the decrease of the volume
raction of amorphous matrix in the alloys with great amountcknowledgments
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